ABSTRACT: Subwavelength imaging requires the use of high numerical aperture (NA) lenses together with immersion liquids in order to achieve the highest possible resolution. Following exciting recent developments in metasurfaces that have achieved efficient focusing and novel beam-shaping, the race is on to demonstrate ultra-high NA metalenses. The highest NA that has been demonstrated so far is NA=1.1, achieved with a TiO2 metalens and back-immersion. Here, we introduce and demonstrate a metalens with high NA and high transmission in the visible range, based on crystalline silicon (c-Si). The higher refractive index of silicon compared to TiO2 allows 2 us to push the NA further. The design uses the geometric phase approach also known as the Pancharatnam-Berry phase and we determine the arrangement of nano-bricks using a hybrid optimization algorithm (HOA). We demonstrate a metalens with NA = 0.98 in air, a bandwidth (FWHM) of 274 nm and a focusing efficiency of 67% at 532 nm wavelength, which is close to the transmission performance of a TiO2 metalens. Moreover, and uniquely so, our metalens can be front-immersed into immersion oil and achieve an ultra-high NA of 1.48 experimentally and 1.73 theoretically, thereby demonstrating the highest NA of any metalens in the visible regime reported to the best of our knowledge. The fabricating process is fully compatible with CMOS technology and therefore scalable. We envision the front-immersion design to be beneficial for achieving ultra-high NA metalenses as well as immersion metalens doublets, thereby pushing metasurfaces into practical applications such as high resolution, low-cost confocal microscopy and achromatic lenses. and beam-shaping [18] , with a nanostructured thin film alone. Focusing metasurfaces -namely metalenses -are amongst the most promising optical elements for practical applications [19, 20] , e.g. for cell phone camera lenses [21, 22] or ultrathin microscope objectives [23, 24] , since their subwavelength nanostructures are able to provide more precise and efficient phase control compared to binary amplitude and phase Fresnel zone plates .
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Dielectric materials such as titanium dioxide (TiO2), gallium nitride (GaN) and silicon nitride (Si3N4) appear to be the best candidates for achieving high focusing efficiency and high numerical aperture (NA) operation, especially at visible wavelengths [22, 25, 26] , because of their transparency. However, ultra-high numerical apertures (NA>1) can only be achieved via immersion in high-index liquids [27] . In this case, the refractive index contrast available with dielectric materials is insufficient for achieving high performance. A compromise is to use liquid immersion on the back side of the metalenses, which is known as back-immersion. An example of a back-immersion TiO2 metalens was demonstrated recently, with an NA that is limited to 1.1 at 532 nm wavelength [23] . The design of this lens used the geometric phase, also known as the Pancharatnam-Berry (P-B) phase [28, 29] , resulting in an array of "nano-bricks" to control the phase appropriately. In order to achieve higher NA, such metalenses need a smaller period and a correspondingly higher aspect ratio of the nano-bricks to maintain the necessary confinement of the electromagnetic field within the TiO2. The period and aspect ratios are ultimately limited by fabrication constrains [23] , which imposes a practical restriction on the maximum NA that can be achieved. By contrast, using a higher refractive index material relaxes these constraints and provides a better solution for maintaining optical confinement in the presence of high-index immersion oil.
Only medium-to-low bandgap semiconductors provide the required high refractive index.
Amongst these, amorphous silicon (a-Si) and crystalline silicon (c-Si) are the most promising candidates as both have already been used for the realisation of high performance metalenses in the visible to terahertz frequencies [30 -32] . The issue with a-Si is that its transmission drops significantly in the visible range due to its high absorption [33, 34] . C-Si, on the other hand, has already demonstrated high efficiency metasurface functionality in the visible regime, with up to 67% diffraction efficiency measured in transmission at 532 nm [35 -37] .
Furthermore, the refractive index of silicon is sufficiently high to realize a front-immersion metalens with liquid immersion. The front-immersion geometry has two advantages: firstly, it enables immersion on the metasurfaces for a doublet structure [6, 38] ; secondly, it puts no constraint on the working distance, while a back-immersion metalens requires a very thin carrier to produce the high NA focal spot out with the substrate.
Based on these insights, we now introduce and demonstrate a c-Si metalens with high NA and high transmission in the visible range. By using the geometric phase approached realized with nano-bricks in an arrangement determined by a hybrid optimization algorithm (HOA), we show that a very low loss, high NA metalens can be realized. As an example, we demonstrate an NA = 0.98 metalens in air with a bandwidth (FWHM) of 274 nm and a focusing efficiency of 67% at 532 nm wavelength, which is close to the transmission performance of a TiO2 metalens. Moreover, and uniquely so, our c-Si metalens can be front-immersed into immersion oil and achieve an ultrahigh NA of 1.48 experimentally and 1.73 theoretically, thereby demonstrating the highest NA of any metalens in the visible regime reported to the best of our knowledge.
Results
Design of the c-Si based metalens. As discussed in ref. [35, 36] , the loss of c-Si at wavelengths longer than 500 nm is not negligible only if the geometry of each nano-brick is carefully designed.
We then consider that a nano-brick (Figure 1b 
where λ is the target wavelength, x and y are the coordinates of each nano-brick, ng is the background refractive index around each nano-brick, and f is the designed focal length. Except for the angle θ, the other geometric parameters, i.e. the length l, the width w, the height h, and the center-to-center spacing a of each nano-brick unit cell are determined algorithmically as discussed next. Apart from the phase, the other four degrees of freedom need to be determined algorithmically;
the traditional sweep algorithm is time consuming when multiple parameters are involved, 6
however. Other optimization algorithms [39 -42] , including differential evolution (DE), genetic algorithm (GA), particle-swarm optimization (PSO) and adaptive simulated annealing (ASA), can all be utilized. It is not clear, however, whether they will be able to optimize both the phase and the transmission into the global optimum. Here, we conduct a self-adaptive hybrid optimization algorithm (HOA) which is combined with DE, GA, PSO and ASA to efficiently search the global optimized geometry of a nano-brick to avoid large loss of c-Si as well as to determine the exact phase shift. The normalized figure of merit (FoM) for single wavelength in the optimization process is therefore defined as: The full width at half maximum (FWHM) of the focal spot for a wavelength of 532 nm is as small as 277 nm (Figure 3c ) in the focal plane. To differentiate between the power transmitted through the lens and the power directed by the lens toward the focus, the focusing efficiency can be defined as the fraction of the incident light that passes through a circular iris in the focal plane with a radius equal to three times the FWHM spot size [30] . Accordingly, the simulation indicates a 71%
focusing efficiency for our metalens. Furthermore, the focusing efficiency of the light contributing to NA from 0.975 to 0.98 is 58.4% (The calculation is shown in the Supporting Information). The focusing efficiency for the same lens in immersion oil with ng =1.512 is also simulated; the efficiency then drops to 56%, while the FWHM of the focal spot reduces to 207 nm (Figure 3f ), as expected, leading to an NA = 1.48, which shows that ultrahigh NA metalenses are indeed possible. The characterization of the focusing performance is then conducted with a combination of a circular aperture, 100X objectives, a tube lens and a CCD camera at 532 nm wavelength ( Figure   5a ). The measured focal distance is f = 105 μm, corresponding to an NA = 0.98 (see Supporting
Information for a detailed calculation). Figure 5b shows the focal spot intensity profile of the metalens in different horizontal planes along the z axis. The measured focusing efficiency is 67%, which is very close to the performance of a TiO2 metalens [22] , yet only a c-Si metalens can be operated with front-immersion (see below). The FWHM of the measured focal spot (Fig. 5c ) is 274 nm compared to the value of 279 nm expected for a diffraction-limited focusing spot: FWHM = 0.51λ/NA [23, 27] . The simulated focal spot is 277 nm according to the simulation in the above section, so again, the values match very closely.
For the immersion experiment, the same c-Si metalens is front-immersed in oil of refractive index ng = 1.512. This front-immersion metalens exhibits a focusing efficiency of 48% and yields a further reduced focal spot of 211 nm FWHM compared to a value of 182 nm expected for a diffraction-limited spot (Fig. 5d) , leading to an ultra-high NA = 1.48 (see Supporting Information for a detailed calculation), which is significantly higher than the best result achieved with a backimmersion metalens in TiO2 (NA = 1.1) [23] . Interestingly, the TiO2 lens has a very similar focusing efficiency of 50% in that case. Our measured NA = 1.48 highlights the very good agreement between theory and experiment and indicates that even higher NAs of 1.73 may be achievable, as indicated by our model (see Supporting Information for a detailed calculation) for the case of using immersion liquids of the same refractive index as the sapphire substrate (1.76). Table 1 summarizes the performance parameters of other experimentally reported metalenses and compares them to our result. The key novelty we introduce here is that our metalens is able to This unique material characteristic highlights that a c-Si metalens has the potential not only for immersion applications, but also for multi-layered metasurfaces that consists of different dielectric materials. C-Si based metalenses also extend the application-space of metalens doublets to immersion applications, which is of great significance for super-resolution microscopy, achromatic lens [41 -46] , optical trapping or sub-water imaging. Finally, crystalline silicon is readily available and CMOS compatible, so the fabrication of these metalenses can easily be scaled up. 
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